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ABSTRACT 

@study a c o n t r o l  system f o r  a coupled-core one delayed 

p o i n t  r e a c t o r  model wi th  l i n e a r  independent temperature 

and a q u a d r a t i c  c o n t r o l l e r  is  designed and analyzed 

using cil state vari&bla feedback design technique 1 . The problem i s  for- 

t r i x  no ta t ion ,  t he re fo re ,  r e t a i n i n g  the  g e n e r a l i t y  of  t he  

. The d e s i r e d  system dynamics are s p e c i f i e d  i n  terms of the c losed  

fer funct ion.  For the  case i n  p o i n t  t he  d e s i r e d  response is 

cha rac t e r i zed  by second o r d e r  dynamics wi th  a damping r a t i o  of  ,707 and 

a zero v e l o c i t y  e r r o r  response t o  a ramp power demand input .  Simulation 

B w i n g  a d i g i t a l  t i m e  response program based on the  4 th  o r d e r  

u t t a  method, show t h a t  the  des i r ed  system dynamics are e x a c t l y  

l i a t d  by feeding  back a l l  t he  s ta te  v a r i a b l e s  through cons tan t  ga in  

The c o n t r o l  system des ign  based on the  l i n e a r i z e d  model w a s  

t o  t h e  non-linear problem. Simulat ion s t u d i e s  show t h a t  the  

a p t e m  dynamics are obta ined  f o r  s t e p  demands i n  power up t o  

t h e  equi l ibr ium value.  For pe r tu rba t ions  up t o  50% of equi l ibr ium 

Fur ther ,  t he  t h e r e  is only  a s l i g h t  change i n  t h e  system dynamics. 

Esgonse t o  nega t ive  i n p u t s  is more heav i ly  damped than f o r  cor res -  

g p o s i t i v e  inpu t s .  

equi l ibr ium power i s  increased  beyond the  design va lue  and more damped 

The s t e p  response becomes more o s c i l l a t o r y  as 

as t h e  power level is  decreased below t h e  design value.  Parameter varia- 

e f f e c t s  on t h e  des i r ed  response i s  a l s o  considered.  

iii 
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CHAPTER I 

PHYSICAL REACTOR MODEL 

o f  t h i s  work is t o  i n v e s t i g a t e  t h e  a p p l i c a b i l i t y  o f  

a& c o n t r o l  t o  t h e  design of  a c o n t r o l  system f o r  a 

coupled core  one dalayed neut ron  group po in t  r e a c t o r  model w i th  l i n e a r  

independent temperature r e a c t i v i t y  feedback. I n  t h i s  s tudy  the. system t o  be 

considered c o n s i s t s  of  i d e n t i c a l  r e a c t o r s  ope ra t ing  a t  the  same power 

ter  va lues  i n d i c a t i v e  of t h e  Kiwi-type r e a c t o r s  being 

2 ce propuls ion.  

system i s  descr ibed  by t h e  fol lowing s e t  of genera l ized  d i f f e r -  

e n t i a l  aqua t i o n s  : 

0 B 
2) ti = \Ril ni - XiCi' 

3) qi = Kini - aiTi, 

4 )  Pi Pie - "pi' 

n = neut ron  d e n s i t y  o r  i 

i = 1 , 2  

t h  ower i n  the i core ;  

= t o t a l  r e a c t i v i t y  i n  t h e  ith core ;  

= total delayed neutron f r a c t i o n ;  

p i  

B 

!ti = neut ron  genera t ion  t i m e ;  

Xi = e f f e c t i v e  delayed neutron precursor  decay cons t an t ;  

t h  ci = delayed neutron precursor  concent ra t ion  i n  t h e  i core ;  

1 
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t h  
;pe ure i n  the  i core ;  

w$ 1 h e a t  capac i ty  of the  i core ;  

9D 

Ip c o e f f i c i e n t  o f  r e a c t i v i t y  f o r  i core ;  

rn e f f i c i e n t  which gives  the  r e a c t i v i t y  con t r ibu t ion  

t h  

ea1 t i m e  cons t an t  f o r  h e a t  loss from t h e  ith core ;  

t h  

2 due t o  neutron leakage from core  1; 

;pe c o e f f i c i e n t  which gives  the  r e a c t i v i t y  contr ibu-  

to care 1 due t o  neutron leakage fromcore 2; 

pie = a x t e r n a l l y  app l i ed  r e a c t i v i t y ;  p = 0 s i n c e  only one core  2e 

is being c o n t r o l l e d ;  

6: * Kronecker d e l t a ;  6: = {1 0 i # j  
= s  

dn and do t t ed  v a r i a b l e s  (8) i n d i c a t e s  t he  t i m e  d e r i v a t i v e  (-) of t h a t  va r i ab le .  
dt 



i 

CHAPTER I1 

LINEARIZED MODEL 

@orate v a r i a b l e  feedback c o n t r o l  design technique 

tern equat ions  must be l i n e a r i z e d .  This is accom- 

11 per tu rba t ions  about  a s teady  s ta te  equi l ibr ium value.  . 

es Eqs. 1 to 4 become 

5) 68, = 

+ 

0 6 )  6Ci  

7) mi 
0 

8) Pclo + 

s i g n i f i e s  t h e  s t eady  state va lue  of t he  v a r i a b l e  and 6 

r n a l l  p e r t u r b a t i o n  about  the s teady  s ta te  value.  I n  t h e  s teady  

. 1 t o  4 reduce t o  

1 

D 2 i 6 i  n 6 n  i ( i - 1 ) O  
p i 0  - 

( f+l) 
n i O  + 'i'io + II 9) O m (  

10) 0 = B Ri "io - X i c i o  

11) 0 = KiniO - aiTiO 

3 
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Dli 62 + -  - 
( i f 1 ) O  Ri i (i-1)0 n 

(i+l) 

D21 
20 14) 0 = +--- 

and f o r  mre 2 i=2, Eq. 13 reduces to 

p20n20 D12”10 

5 R1 
15) 0 = - + 

Since both CDT $I are i d e n t i c a l  and ope ra t ing  a t  the same power l e v e l ,  

Eqse 16 and 1 5  reduce t o  

2 1  -D = -D12 = -D 

r e l a t i o n s h i p s  der ived  i n  E q s .  9 and 1 6  i n t o  Eq. 5 

non l inea r  term ( &pithi) ,  Eq. 5 becomes 

i o  n 
+-  6Pi  

%i 2 
%-1) (i-1) Qi 

+ 6i 6n 

manner using E q s .  li) to 13 ,  E q s .  6 t o  8 become 

0 
1 &Ti = M i h i  - a 6T i i  
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ta 17 through 20 r e p r e s e n t  t h e  l i n e a r i z e d  coupled core  

group p Q i n t  r e a c t o r  model w i th  l i n e a r  independent 

ets t h e  l i n e a r  model, the  c o n t r o l l e r  dynamics must 

c t i v g t y ,  p e r  is app l i ed  to  the  system by the  

1 rod movement and/or  r e f l e c t o r  r o t a t i o n .  In this 

t he  c o n t r o l l e r  t r a n s f e r  func t ion  i s  of  

32 

s2 + 8s + 32 
= K 

a 2  + 2Ewns + wn2 
21) ar 

i n g  r a t i o  (.707) of se rvo  system, 

s t he  undamped n a t u r a l  resonant  frequency ( . 9 )  of 

o system, cyc les / sec .  

t ransform v a r i a b l e  

c o n t r o l l e r  was chosen because i t  is a good approx- 

the  p r a c t i c a l  s e rvo  systems now employed i n  r e a c t o r  

. Pur the r  a q u a d r a t i c  form of  t h i s  type w i l l  i n  gene ra l  

fmte t he  behavior  of most phys ica l  equipment (e lectr ic  

ie system, etc.) which might b e  u t i l i z e d  t o  d r i v e  a c o n t r o l  

a r e f l e c t o r .  
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te v a r i a b l e  feedback concept, Eq. 2 1  

o r d e r  d i f f e r e n t i a l  equat ions .  This can 

Eq. 2 1  i n  d i f f e r e n t i a l  equat ion  form 

urn 

us  22 is  put  i n  the form 

and 
a 
s8 * - 32 dpe - 8 x 24) 



CHAPTER 111 

LE FEEDBACK CONTROL 

r i a b l e  concept t o  t h e  design of a l i n e a r  

ua t ions  of the  system are represented  

r-matrix d i f f e r e n t i a l  equat ions  of the  form 

where 

- x ( t )  is an n-d n s i o n a l  s ta te  vec to r  

I A 1s an n by n system mat r ix  

- aans iona l  c o n t r o l  vec to r  

n i s  the  ordfzr of t he  system 

yCt) is  %:he scalar system output  

o t e s  t he  t ranspose  of t h e  column vec to r  and the  

s i g n i f y  t h e  t i m e  d e r i v a t i v e  o f  t h a t  va r i ab le .  

s ta te  v a r i a b l e s  are fed back through cons t an t  ga in  

f r  t elements, hi, t he  c o n t r o l  func t ion ,  u,  becomes 

T 
5 r(t> + h x(t> 

the scalar c o n t r o l ,  

n-dimensional vec to r  which h a s  as i t s  elements t h e  s ta te  

l e  feedback c o e f f i c i e n t s ,  

is  an inpu t  v a r i a b l e .  

7 



transform of Eqs .  25 t o  27 ,  

and s u b s t i  n t o  Eq. 28,  t he  closed-loop system 

tra 
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where J- is the r i x  and the  s u p e r s c r i p t ,  -1, i n d i c a t e s  the  

inverse  OS the matrix* 

Eq.  31 i s  w r i t t e n  i n  more compact form by l e t t i n g  

( 8  E_ - - _ _  b hT) = F 

and 

3 3 )  [FIY1 %e9 

where 

a c t o r s  of  the  elements,  f i j  , of the  matr ix ,  F 

determinant of P. 

t r a n s f e r  func t ion  now becomes 
m 

a l i n k  t o  t h e  classical design techniques since 

it is 

%?%le 

open-loop t r a n s f e r  func t ion ,  



and Me i s  a l e n t  feedback element,  

O t  can be observed 

o f  t h e  open loop are a l s o  the  zeros  of  the  c losed  

loop tr 

b) The loca of t he  zeros  i n  the  c losed  loop t r a n s f e r  func t ion  

back c o e f f i c i e n t s  and can only be  a l t e r e d  by 

tor, o r  can b e  cance l l ed  by a corresponding po le  i n  

y(s> / r  (9) -. 

c )  The pales o f  H (s) are the  zeros  of G ( s ) .  
eq 

op response o r  the  d e s i r e d  system dynamics i s  

l e  feedback design technique c o n s i s t s  o f :  

he des i r ed  dynamics of t he  system i n  terms of t h e  

osed-loop response i n  terms of  h, (Eq.  31), 

;$ se t  of  s imultaneous l i n e a r  a l g e b r a i c  equat ions  i n  

ted by equat ing  c o e f f i c i e n t s  of  powers of s of the  

i c i e n t s  of l i k e  powers of t h e  des i r ed  

f w c t i o n ,  t h e  r e s u l t i n g  va lues  of  are the  va lues  

of t h e  feed i c i e n t s  which w i l l  r e a l i z e  the  des i r ed  system dynamics. 
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er program, based on the  ma t r ix  formulat ion has  

design and a n a l y s i s  of  s ta te  v a r i a b l e  feedback 

s igned  t o  reduce t h e  computational load  

becomes q u i t e  ted ious  f o r  th i rd-order  systems 

i n  the  fol lowing manner : 

equat ions  of  t he  p l a n t  t o  be  c o n t r o l l e d  i n  

on (A, - -  bT, cT), t h e  open-loop t r a n s f e r  func t ion ,  

Eq. 36 

is ca l cu la t ed .  

ghat t h e  zeros  of t h e  open-loop are a l s o  the  zeros  of 

oop, unwanted zeros  are removed by p l ac ing  a cor res -  

i n  t h e  des i r ed  t r a n s f e r  func t ion  which has  a l r eady  

Ehe po les  o f  t h e  d e s i r e d  t r a n s f e r  func t ion  to  the  

information , the  program performs t h e  ca lcu la-  

i n d i c a t e d  i n  b) and c) on page9.  

can also o b t a i n  r o o t  locus  information and perform 

s t u d i e s .  Because t h e  program i s  based on a ma t r ix  

s i ts  gene ra l i t y .  Another advantage o f  us ing  

1s t h a t  a l l  t h e  t r a n s f e r  func t ions  from the  i n t e r n a l  

to the  inpu t  can be found by a s s ign ing  appropr i a t e  va lues  

Q t he  ou tpu t  vec to r  c. 



CHAPTER I V  

K DESIGN OF REACTOR CONTROL SYSTEM 

t h e  state v a r i a b l e  feedback design technique, 

f o r  a l i n e a r i z e d  coupled-core r e a c t o r .  

ed subsc r ip t ed  ope ra t ions  on E q s .  5-to 8 

and l a t b i n g  

l P f X  1 6n2 = x4 6Pe = x7 

bCL - 6c2 = x5 

&Ti = x 6T2 = x6 3 

t he  equations desc g the  l i n e a r i z e d  coupled nuc lea r  system wi th  

c o n t r o l l e r  are mitt@ 
n D 0 

38)  x1 = - -izLs.l x1 + x1x2 - 
1 

3 9 )  k, = - x - A x  R1 1 1 2  

4 0 )  : g 5 ~ x  - a x  1 1  1 3  

R OL2"2O 
x6 QLtJi.L x + A2X5 - - 

112 4 x -  
1?2 1 

o f 3  4 2 )  x SJ - 5 R2 x4 - x2x5 
= K2x4 - a2x6 

-32 x7 - 8 x8 I- 32 U. 

om t h e  equat ions  above t h a t  c o n t r o l  is accomplished by 

11 
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* 3  are put  i n  t h e  form of Eq. 25 where 

0 

D / a l  0 

0 0 

0 0 

0 .0 

0 
n10 

D/R2 0 0 - 5 
0 0 0 0 0 0  

0 0 0 0 0  2 

L L 

0 BIR2 x2 0 0 0  

0 0  K2 O a2 0 

0 0 0 0 0 1  

0 0 0 0 -32 -8 
- 

4 7 )  hT = 10 0 0 , O  0 0 0 32 I 
Since the  t o g a l  incremental  power is  t h e  output  v a r i a b l e  of 

i n t e r e s t ,  Eq. 26 becomes 

48)  y 12 ;.e. 

(?here 

T 

clback v e c t o r  is  given by 

ceres are i d e n t i c a l  and ope ra t ing  a t  t h e  same s t eady  

er Pwel ,  then t h e  parameters i n  co re  1 ( subsc r ip t  1) are equal  

nding parameters i n  co re  2 ( s u b s c r i p t  2) .  Assuming i d e n t i c a l  

11: a system having the  fol lowing parameters:  



49 1 

- A =  

20 0 .1 -80 0 0 

0 0 0 -.l 0 0 0 

0 0 0 1 0 -1 0 0 

0 0 0 0 0 0 0  1 

0 0 0 0 0 0 -32 -8 
_I - 

13 

rn D = 0.00064 

6 . .  

R =  

O R  

Megawa tt-sec K = 1.0 

a = 1.0 sec-1 

equat ions ,  Eq. 32, 

can be f o  

-. 1 80 -20 0 0 

(s+.l) 0 0 0 0 

0 ( Ss-1) 0 0 0 

0 0 (94-220) -.1 80 

0 0 -200 (s+.l) 0 

0 0 -1 0 (S-tl) 

0 0 0 0 0 

-32h2 -32h3 -32h4 -32h5 -32h6 

7 -10 

0 

0 

0 

0 

0 

9 

- 
0 

0 

0 

0 

0 

0 

-1 

-32h7 ( s+8-32hE 

- 
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loop system t r a n s f e r  func t ion  s p e c i f i e d  i n  

this design technique,  a s i d e  from the  usua l  

problem o f  phy n ,  i s  t h a t  t h e  pole-zero excess  of  t h e  

des i r ed  aystem ca be than t h a t  of t h e  uncont ro l led  system. The 

coupled-core r e a c t o r  has 5 s and 8 poles  i n  t h e  open-loop system; 

the re fo re ,  any synthes ized  ystem must have a pole-zero excess  of  a t  

l eas t  3 

I n  spec i fy ing  the rformance of t he  r e a c t o r  c o n t r o l  system, the  

fol lowing c h a r a c t e r i s t i c s  w e r e  considered:  

a) a s t a b l e  t r a n s i e n t  and s t e a d y - s t a t e  response,  

l i n g  t i m e ;  t h a t  is, t h e  t i m e  r equ i r ed  f o r  t h e  

t o  d i e  down t o  the  s p e c i f i e d  abso lu te  percentage 

a1 va lue  and t h e r e a f t e r  remain less than t h i s  va lue ,  

s ta te  s e n s i t i v i t y ;  t h a t  is ,  def ined  l i m i t s  w i t h i n  

t h e  c o n t r o l  system w i l l  permit  t h e  reactor o r  i t s  

ments t o  d r i f t  be fo re  c o r r e c t i v e  a c t i o n  occurs ,  

d )  B fa sponse,  and 

e) the urn amount of overshoot  i n  t h e  power level should 

only a maximum prescribed t i m e .  

t h e s e  c h a r a c t e r i s t i c s ,  e s s e n t i a l l y  second-order 

ing r a t i o  of .707 and a f a s t  response t i m e  w a s  spec i -  

Ir of  dominant po le s  a t  s =i -.IO 5 j 10 and another  po le  

ae 00. Because of  i ts  l o c a t i o n , t h e  pole  a t  -200 has  

li e system dynamics. However, i t  is necessary  t o  s a t i s f y  
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e The damping r a t i o  of .707 provides  a 

r shoot  and a very s h o r t  s e t t l i n g  t i m e .  

er cons t ra ined  by spec i fy ing  a zero v e l o c i t y  

zero v e l o c i t y  e r r o r  is one -whose response 

inpu t  i n  the  s t eady- s t a t e  wi th  no t i m e  

by s a t i s f y i n g  t h e  fol lowing r e l a t i o n s h i p :  
4 

where 

pc*Le to loop po le s  

lo sed  loop zeros  

ere s p e c i f i e d  i n  the  des i r ed  t r a n s f e r  func t ion ,  

e achieved by e i t h e r  r e t a i n i n g  one of t h e  inher-  

Because .series compen- using series compensation. 

e o rde r  of t he  system, one of the system zeros 

s ta te  v a r i a b l e  feedback program, the  numerator of the  

r func t ion  was found t o  be 

8 
n; 3.2 X 10 (S+*O99) (~+1)(~+.0386)(~+1.313)(~+239.75) 

-.0386 and cance l l i ng  the  o t h e r s ,  t he  denominator 

s f e r  func t ion  becomes 

F = (s+.O99) (s+l) (s+1.313) (s+239,75) (s+200) (s2+20s+200) 
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of t he  pole which s a t i s f i e s  t he  zero vel- 

e des i red  system t r a n s f e r  func t ion  

3.2 x lo8  (s+.0386) 

200) (S+PceL,) 

l o c a t i o n s  i n t o  Eq, 52 y i e l d s  

The values r e a l i z e  the des i red  sys t e m  dynamics a r e  

8 h5 E -4.81369 x 10- 

h6 = +3.05848 x l O ”  

hl - 
h2 = 

h7 p -3.37513 

h8 -.375 

8 ,  t he  c o n t r o l  l a w  s t a t e d  by Eq.  27 becomes 

) w 5 r-3.3993 x 10-’x1-4.2877 x 1Om8x2+3.O239 x -5 10 x3 

-3.39975 x lO-’x4-4.81369 x 10-8x5+3.05848 x 10-’x6 

-3.37513 x7-.375 x8 

01 law i s  r e a l i z e d  by measuring and summing a l l  the 

a f t e r  each has been mul t ip l i ed  by t h e  appropr ia te  gain 



en  s a i d  about t h e  a c c e s s i b i l i t y  of  t h e  

n assumed t h a t  a l l  the  s ta te  v a r i a b l e s  are 

This i s  n o t  always the  case. For i n s t a n c e ,  

luded i n  t h e  r e a c t o r  dynamics, the  p recu r so r  

These state v a r i a b l e s  can be  generated 

For example, Eq. 39, desc r ib ing  pre- 

i n  the  frequency domain as 

genera ted  by us ing  the  l a g  network des- 

c r ibed  i n  Eq. 59, 

B a o n t r o l l e d  va r i ab le ,  t h e  t o t a l  incremental  power, 

X +X 2s ~ ~ ~ ~ Q n ~ ~  i n  a d e s i r e d  p resc r ibed  manner, some of t h e  i n t e r n a l  1 4' 

sta ab Behaving i n  an undes i rab le  fash ion .  Therefore ,  it 

ary t o  f i n d  t h e  response of a l l  the  i n t e r n a l  s ta te  v a r i a b l e s  t o  

is e a s i l y  done by changing t h e  elements i n  t h e  

The closed-loop response has  been determined f o r  t h e  

te v a r i a b l e s :  

3.2 x 10' (.s+.0346) ( s + 1 . 3 4 )  (s+219.73) 
2 (s+.0386) (s4-1.31) (sf200) (s+239.75) ( s  +20s+200) 

3.2 x lo8 (s+. 0339) (s+l. 3 4 )  (s+219.73) 

(s+.0386) (s+l) (sS1.31) (94-200) (s+239.75) (s2+20s+200) 
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W T E R  V 

LINEAR PROBLEM 

is t o  determine the  range of  v a l i d i t y  

ntrol system tha t  w a s  der ived  f o r  t he  

l i n e a r  model i s  

This is aceoznpl 

l inear coupled-core system. 

va r ious  equi l ibr ium power levels and 

The system 

a time response d i g i t a l  program based on t h e  

nputs  of power demand. 

4th orde r  Runge-Kutta method, 

The equat ions  de r i b i n g  the  non l inea r  coupled-core p o i n t  

r e a c t o r  model are 

x x 4 - - x x  D a +-  x1x7 
R 1 3  R ’ x + Ax2 + R 1  67) = - 

O B  68) x 2  T - Ax2, 

a - 
II 

= x4 - Ax5, 

0 

733 X I  = X 8  

7 4 )  :8 = -32 xI - 8 x + 32u, 8 

75) u * r + &T 5 

19  
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w a11 t h e  s previous ly  def ined  except  

- 
x4 = n2 

x5 - c2 

x7 - 'e 
- 

x6 = T2 

by combining E q s .  1 t o  4 ( r e c a l l i n g  t h a t  

c o r e  i s  being  c o n t r o l l e d )  w i th  t h e  c o n t r o l l e r  

ived  earlier. 

The f i r s t  e wer level analyzed i s  t h a t  f o r  which the  

e l y  320 megawatts, x Using t h e  

were o u t l i n e d  f o r  t he  l i n e a r  model, e q u i l i -  

brium values can be found f o r  t h e  system v a r i a b l e s  as fol lows from 

Eqs, 67 t o  75, 

D a x10x70 
"lo + lX20 - x40 - x10x40 R 

0 = -  6 

0 = ioZlO - 
R x l ( E  - xx20 

aX30 
a 

xx50 - x40x60 
- &.%L 

10 R x40 O m  

40 o =  

0 1 K x ~ ~  - ax6o 
50 - Ax 

8113 

O -32 x - 8~~~ + 32 u0 70 

~ 9 9 3  xlo - 4.2877 x x20 + 

39 x30 - 3.39975 x40 - 
-5 369 x x50+ 3.05848 x 10 xb0 - 

- 3,37423 x7* - .375 x80 



can ,e determined 

21 

rom 

and 

Subs t i  s i n t o  Eq. 79, gives  

Rearranging, E q  89 beccsmes 

90) xLto2 $. aD * D x  3 0  
x40 - 10 

a c o ~ ~ ~ a ~ ~ ,  x can be  determined as follows: 40 

aD 

is ntal power i n  core  2,  t he re fo re ,  x40 cannot be  

a l l  the  parameters i n  Eq. 9 1  are pos i t i ve ,  the c o r r e c t  

is found t o  be 124.92 Megawatts. x4 0 a1 va lues ,  

e a s i l y  be  determined from Eqo. 87 and 88. These 
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r t ~ :  249,84  x l o 3  Negawatts 

i n  t e r m s  o f  t h e  o t h e r  sys  t e m  va r i ab le s .  

own, x can be  eva lua ted ,  70 

is t o  determine r the  i n i t i a l  condi t ion  0' 

is  noted t h a t  

va lue  of a l l  t he  system v a r i a b l e s  have been 

I d s  the  r e s u l t  

equ i l ib r ium power levels examined are 640 Megawatts 

00 w a t t s ) .  The va lue  of t h e  system v a r i a b l e s  f o r  

e q u i l i b r i u m  a p e r a t i o n  are determined from t h e  same r e l a t i o n s h i p s  der ived  

on t h e  p . Table 1 shows the  va lue  of  t h e  system v a r i a b l e s  

power levels. 
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a I. VARIABLES FOR POWER LEVELS INVESTIGATED 

Linear  Design Power 

c20 

T20 

e0 

4 ? 0  

0 
r 

4 

4 

" 2  TvplJ 

320 Mw 

6.4 l o 5  MW 

320 OR 

124.92 MIJ 

2.4984 x l o5  MW 

124.92 O R  

2.95 

0 

.054 

Twice Linear 
Design Power 

640 MW 

6 1.28 x 10 MW 

640 "R 

189.78 MW 

3.7956 x 10 MW 

189.78 O R  

5 

5.57 x 10-j 

0 

. l o o  

awatts and O R ,  degrees Rankine. 



EAR AND NONLINEAR SYNTHESIZED SYSTEM 

on s t u d i e s  of t h e  l i n e a r  and 

s of two i d e n t i c a l  r e a c t o r s ,  

some f i n i t e  d i s t  a t i n g  a t  320 Megawatts. When a s t e p  

demand i n  power is  placed i n  the system the  power starts t o  rise quickly 

i n  co re  1, The rate of product ion  of  delayed neutrons ca t ches  up t o  t h e  

i n i t i a l  power change and slows i t  down. F ina l ly ,  t he  temperature  reac- 

t i v i t y  feedback l e v e l s  t h e  power o f f  a t  a new s teady  s ta te  value.  Corres- 

pondingly an  inc rease  i n  power l e v e l  i n  co re  2 i s  caused by the  coupl ing 

between the  co res ,  F ig .  1 shows the  incrementa l  power response of t he  l i n -  

ear system t o  a s t e p  demand i n  power. It is  e x a c t l y  the  response t h a t  

was s p e c i f i e d ,  

x7 , t he  amount of e x t e r n a l l y  induced r e a c t i v i t y ,  

(37c) t h a t  r e d  t o  almost double t h e  i n i t i a l  s t eady- s t a t e  power 

l e v e l  and the temp r a t u r e  response of each co re  i n  the  l i n e a r  system to  

a s t e p  demand of  powef. Fig. 3 r ep resen t s  t h e  short- t ime temperature 

d i n  power. The temperatures  are p ropor t iona l  

ondirag power levels. 

4 shovs t h e  response of t he  i n d i v i d u a l  co res ,  as t h e  cores  are 

corresponds t o  i n c r e a s i n g  t h e  coupl ing c o e f f i c i e n t ,  

b o  cores .  It can be  seen  t h a t  t h e  power i n  the  c o n t r o l l e d  

24 



&me. F i n a l l y ,  a t  D = .0384, t h e r e  is  almost 

oupl ing  c o e f f i c i e n t s  g r e a t e r  than D = ,0384 

I n  e f f e c t  t h i s  corresponds t o  a phys ica l  

and i n d i c a t e s  t h a t  the  l i m i t s  of t h e  

g t h e  system have been exceeded. 

v i t y  of A ,  t h e  e f f e c t i v e  delayed neut ron  

e o v e r a l l  system response.  The dashed l i n e  

r ep resen t s  t h e  d e. I n  o r d e r  t o  maintain the  des i r ed  response 

ynthes ized  l i n e a r  system as a func t ion  

of c o n t r o l l e r  gain is  n i n  Fig.  6. It is clear t h a t  t he  system w i l l  

n o t  go uns t ab le  fo r  va lue  of c o n t r o l l e r  gain.  

e of t he  system t r a n s f e r  func t ion  on 

From Fig. 7 ,  i t  can be  seen t h a t  

r level,  n decrease  t h e  damping o f  t he  0' 

"he s t eady- s t a t e  p6Wer level  can b e  r a i s e d  t o  approx- 

etts befo re  the  system starts t o  o s c i l l a t e  and becomes 

e ,  

n a more heav i ly  damped system response.  

t h e  response of  t h e  l i n e a r  system t o  a ramp input .  

he i n p u t  ramp by approximately 0.16 secs. 

the  feedback c o e f f i c i e n t s  (h4, h5 and h6) assoc ia t ed  

r s o r  concent ra t ion ,  and temperature  of the uncont ro l led  

have very l i t t l e  a f f e c t  on t h e  system dynamics and 

s l i g h t l y  changes the  system response. This is as 



they are feeding  back are very 

e q u a n t i t i e s  i n  t h e  c o n t r o l l e d  core.  

i t i v e  t o  changes i n  h and ha ,  cor res -  7 

d v e l o c i t y  r e spec t ive ly ,  because they 

s ta te  power level is  a f f e c t e d  by 

e f f i c i e n t s ,  h and h4, The power 1 
l e v e l  i n c r e  va lues  of  h. This a f f e c t  is more r e a d i l y  

t h e  power i n  co re  1 i s  a l o t  l a r g e r  than 

d core .  The feedback c o e f f i c i e n t s ,  h2 and h3, 

corresponding t o  r s o r  concen t r a t ion  and temperature of t h e  

wi thout  apprec iab ly  changing the  

f t h e  non-l inear  system, ope ra t ing  a t  

l4W9 $0 var ious  s t e p  demands i n  power. The d e s i r e d  system 

f o r  s t e p  demands in power up t o  35% of the  e q u i f i -  

is on ly  a s l i g h t  change i n  the  system dynamics f o r  

w e r  up t o  50% of  the s t eady- s t a t e  power level. The 

f o r  nega t ive  inpu t s  is more heav i ly  damped than t h e  

corresponding p o s i t i v e  inpu t s .  

u i l i b r i u m  p o i n t  examined w a s  640 MW. Fig.  10 shows 

e f o r  s t e p  demands i n  power up t o  40% of the  e q u i l i -  

a s l i g h t  change i n  t h e  system dynamics. The system 

than  f o r  t he  designed 320 MW ope ra t ing  level. Once 

ses t o  nega t ive  i n p u t s  are more heav i ly  damped than f o r  

i n g  p o s i t i v e  i n p u t s .  
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ate level s tudied  w a s  t h a t  of zero power. For 

e of a l l  t h e  s t a t e  v a r i a b l e  should be  zero. 

equi l ibr ium po in t  a t  the  o r i g i n ,  a small f i n i t e  

d i n  o rde r  t o  ge t  a response from t h e  system. 

BT t he  s t e p  demands i n  power, t he  less damped 

demands i n  power l a r g e r  than the  ones shown, 

s t e m  response t o  parameter v a r i a t i o n s  w a s  

examined a t  n-zero s t eady  state power l e v e l s .  The r e s u l t s  

were essen  cal  with those repor ted  f o r  t he  l i n e a r i z e d  system. 
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CHAPTER VI1 

CCMCLUSIONS 

The s i a u l a t i o n  s t u d i e s  show 

o r  a coupled-core r e a c t o r  can 

be designed us ing  s ta te  v a r i a b l e  f e  

b) The des i r ed  system dynamics, s p e c i f i e d  i n  terms of a closed- 

loop  t r a n s f e r  fuxlcti are e x a c t l y  r e a l i z e d  by feeding  back a l l  t h e  

s ta te  v a r i a b l e s  through const i lnt  ga in  elements (feedback c o e f f i c i e n t s ) .  

A s  a consequence, almo ny d e s i r e d  response can be  imposed upon the  sys- 

t e m  merely by determi the proper  feedback c o e f f i c i e n t s ;  

c )  I n a c c e s s i b l e  s ta te  v a r i a b l e s  are n o t  a problem. They can 

be generated f r o m  th e s c r i b i n g  equat ions  and f ed  back through 

quency dependent 

d )  r o l  s p e c i f i c a t i o n s  such as zero v e l o c i t y  

e r r o r ,  damping r a t i o ,  overshoot ,  e tc . ,  can be  employed i n  the  design 

method. They can be  r e a l i z e d  w i t h  o r  wi thout  series compensation; 

control l a w  der ived  f o r  t he  l i n e a r  system i s  app l i cab le  

ar problem. 

t h e  system starts t o  o s c i l l a t e ;  

The s t eady- s t a t e  power level  can almost  be 

The e f f e c t i v e  delayed neut ron  precursor  decay cons t an t ,  A ,  

cannot be va r i ed  more than 4 10% without  d i s t o r t i n g  t h e  d e s i r e d  response.  

y ,  being formulated i n  mat r ix  n o t a t i o n ,  t he  method main ta ins  

Another advantage of  us ing  the  mat r ix  approach i s  t h a t  a l l  

v a r i a b l e  t r a n s f e r  func t ions  can be determined merely 

39 
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vector c. This is very important 

tive control system without knowing 

ate performing. 
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